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The present work involves an extensive analytical and toxicological description of a recently identiﬁed
mixed halogenated carbazole found in sediment samples, 1,8-dibromo-3,6-dichloro-9H-carbazole
(BCCZ). Concentrations and the relative effect potency (REP) were calculated for the target BCCZ in a set
of stream sediments collected in 2008 in Ontario, Canada. The levels calculated for BCCZ as compared to
those previously assessed for legacy persistent organic pollutants (POPs) in the same samples revealed a
signiﬁcant contribution of BCCZ to the total organic chemical contamination (<1%e95%; average 37%).
The corresponding dioxin toxic equivalencies (TEQs) of BCCZ in the sediment extracts were estimated
from experimental REP data. The experimental data presented supports the classiﬁcation of this
emerging halogenated chemical as a contaminant of emerging environmental concern. Although po-
tential emission sources could not be identiﬁed, this study highlights the importance of on-going
research for complete characterization of halogenated carbazoles and related compounds.
Copyright © 2016, The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Non-target investigation to identify contaminants that may be
of concern is one of the most challenging topics that have emergedCEPSA research center, Avda
Abaurrea).
nications Co., Ltd.
and hosting by Elsevier B.V. on be
by-nc-nd/4.0/).in the ﬁeld of environmental research [1e3]. Contaminants of
emerging environmental concern (CoEECs) include known chem-
icals with increasing environmental levels, substances with newly-
reported toxic effects and, occasionally, newly discovered com-
pounds. Novel compounds can encompass substances such as
anthropogenic industrial additives (e.g. novel halogenated ﬂame
retardants) [4e6], personal care products (e.g. pharmaceuticals)
and by-products [7e9], as well as metabolites and degradation
products of currently regulated pollutants [10,11]. Ultra-high res-
olution mass spectrometric and high resolution chromatographic
approaches have facilitated the elucidation of substances present inhalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-
Fig. 1. Structure of 1,8-dibromo-3,6-dichlorocarbazole.
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possible CoEECs. Indeed, multitudes of halogenated substances that
have the potential to persist, bioaccumulate, and be toxic in the
environment still need to be identiﬁed [12e15].
An increasing number of recent publications have reported the
presence of a series of mono- and polyhalogenated carbazoles,
which have been mainly found in sediment and soil samples
[16e20]. The majority have been unexpectedly identiﬁed during
targeted analyses for organic pollutants including brominated
ﬂame retardants [16,19] and organochlorine pesticides [21], or
during subsequent non-targeted analyses of samples previously
analyzed for other potential contaminants such as polycyclicFig. 2. Graphic map of sampling locaromatic hydrocarbons (PAHs), polychlorinated dioxins and furans
(PCDD/Fs), and polychlorinated biphenyls (PCBs) [18,20,22]. One of
the earliest reports on the occurrence of a chlorinated carbazole in
sediments obtained in the Great Lakes region was in the early
1980s. A sitewas contaminated by dye industry waste in the Buffalo
River, Buffalo, New York [23] Three decades after, an increase in-
terest for monitoring this potential group of CoEECs is observed.
halogenated carbazoles have already been reported in soils and
sediments in Germany [19,21], marine sediments in Greece [22],
and freshwater lake and stream sediments in the Great Lakes region
of North America [16e18,24].
Extensive characterization of these emerging compounds,
including potential sources and toxicity, has been rarely described
in the literature. Different hypotheses have been proposed
regarding sources of halogenated carbazoles including: (i) natural
synthesis, speciﬁcally through halide catalysis with peroxidase
enzymes [25], (ii) as by-products from the dye industry [23], more
speciﬁcally indigo dyes [26], and (iii) production as a by-product of
the combustion of tribromoaniline [27]. Due to their conformation
and planarity, halogenated carbazoles are likely to have biological
activity similar to dioxin-like compounds, and this has now been
demonstrated for the 3,6-dichlorocarbazole [21,28] and more
recently for a series of mono-to tetra-halogenated carbazoles
[29,30]. More importantly, Fang et al. recently demonstrated, forations and BCCZ hit locations.
Table 1
Concentrations of BCCZ, calculated TEQ, and concentrations of selected POP indicator compounds in sediment samples containing BCCZ.
Sample number ID BCCZ (ng/g) BCCZ TEQa (ng TEQ/g) S7PCBb (ng/g) S3PCDD/Fc (ng/g) S3PBDEd (ng/g)
1 4.67 7.46E-03 1.83 0.11 1.49
2 2.14 3.42E-03 0.63 17.70 4.24
3 1.62 2.59E-03 5.25 0.33 3.23
4 1.55 2.48E-03 1.00 0.14 23.06
5 1.52 2.42E-03 0.28 0.02 0.33
6 1.50 2.40E-03 0.40 0.08 2.54
7 1.34 2.14E-03 0.56 0.20 0.76
8 1.14 1.83E-03 0.11 3.57 0.16
9 1.06 1.69E-03 0.79 0.03 0.53
10 0.82 1.31E-03 0.16 0.01 0.27
11 0.73 1.16E-03 0.28 0.02 0.54
12 0.60 9.59E-04 1.00 1.06 2.16
13 0.59 9.50E-04 0.05 0.02 0.06
14 0.41 6.50E-04 0.02 0.01 0.04
15 0.40 6.47E-04 0.30 1.99 0.39
16 0.36 5.72E-04 2.32 0.15 3.90
17 0.35 5.65E-04 0.26 0.02 0.29
18 0.33 5.34E-04 0.09 0.17 0.16
19 0.31 5.00E-04 0.22 0.05 0.67
20 0.30 4.75E-04 0.05 0.01 0.12
21 0.29 4.70E-04 20.25 0.78 299.40
22 0.22 3.58E-04 0.68 0.13 0.71
23 0.22 3.47E-04 0.55 0.02 0.43
24 0.19 3.10E-04 0.02 0.00 0.03
a BCCZ TEQ determined using average REPBCCZ ¼ 0.0016.
b S7PCB is the sum of PCB -28, -52, -101, -118, -153, -138, and PCB-180.
c S3PCDD/F is the sum of 2,3,7,8-TCDD, OCDD, and 2,3,4,7,8-PeCDF.
d S3PBDE is the sum of PBDE-47, -99, and PBDE-209.
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halogenated carbazoles in an in vivo zebraﬁsh experiment [30].
Previously, our group identiﬁed a mixed brominated/chlori-
nated carbazole, 1,8-dibromo-3,6-dichloro-carbazole (BCCZ) for the
ﬁrst time in sediment samples using an optimized multi-screening
GC  GC method [18]. The present study reports on the occurrence
and full characterization of BCCZ (Fig. 1) in sediments collected
across southern Ontario. The potential aryl hydrocarbon receptor
(AhR)-mediated toxicity of BCCZ was determined using mRNA and
protein induction assays relative to 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD). The relative effect potency (REP) of BCCZ was then
used to assess the importance of BCCZ as a potential CoEEC based
on its estimated dioxin toxic equivalence (TEQ). The resulting TEQ
was then compared to sediment quality guideline values. Conclu-
sions obtained from this study could aid further research and po-
tential management considerations regarding this new
environmentally-relevant compound.2. Materials and methods
2.1. Sample collection and preparation
Surface sediments (top 3e5 cm) from freshwater streams and
rivers across southern Ontario, Canada were collected in 2008 as
part of Southern Ontario Stream Sediment Project [31,32]. Of the
nearly 2300 samples collected, all have been analyzed for metals
[33] and approximately 600 have been analyzed for selected legacy
persistent and bioaccumulative organic contaminants (e.g. PCBs,
PAHs, PCDD/Fs, and polybrominated diphenylethers (PBDEs)). A
subset of 89 of these stream sediment extracts from across
Southern Ontario (Fig. 2), as well as extracts of 5 sediment samples
from near shore Lake Ontario, were reanalysed for BCCZ. Sediment
samples were prepared as described previously [18] with some
modiﬁcations. Brieﬂy, sediments were air-dried, fortiﬁed with re-
covery surrogates for the various legacy persistent organic
pollutant (POP) classes and then extracted overnight with toluene
by Soxhlet. The extracts were cleaned using a multisilica columnprocedure (including 44% acidic, neutral plus silver nitrate-based
silica layers), then reduced in volume and vialed for analysis.2.2. GC  GCeToF MS analysis and quantiﬁcation
Analyses were performed using a Pegasus 4D (Leco Corp., St.
Joseph, MI, USA) consisting of an updated Agilent 6890 GC  GC
and a time-of-ﬂight-mass spectrometer working in the electron
ionization (EI) mode. Brieﬂy, samples were injected in splitless
mode (1 mL, 280 C) onto a Rtx-5MS (30 m  0.25 mm internal
diameter -i.d.-  0.25 mm ﬁlm thickness -d.f)  BPX-50 column set
(30 m  0.25 mm internal diameter -i.d.-  0.25 mm ﬁlm thickness
-d.f.- and (1.6 m  0.15 mm i.d.  0.15 mm d.f.), respectively).
The main oven temperature programwas set from 80 C (5 min)
to 190 C at 15 C/min and then to 310 C (15 min) at 3 C/min. The
secondary oven was kept 20 C above the main oven program.
Helium was used as carrier gas (constant ﬂow, 2 mL/min). The
modulation cycles were programmed at 6 s with hot pulses of 1 s.
The injector, transfer line, and ion source temperatures were set at
280 C, 275 C and 250 C respectively. 1 mL of each sample was
injected in splitless mode. MS detection was performed in full scan
range (50e1000 m/z) using electron ionization (70 eV). The voltage
of the multiplier was 1600 eV and the data acquisition rate was set
at 50 Hz.
ChromaToF® software (version 4.50) was used for data acquisi-
tion, processing, and quantiﬁcation. BCCZ concentrations in the
sediment extracts were calculated using a seven point external
calibration from 20 to 2000 pg/mL, (r2 > 0.995). The BCCZ standard
was obtained from Wellington Laboratories Inc. (Guelph, Ontario,
Canada). BCCZ concentrations were corrected for losses during
analysis using recovery data determined for 13C-PCB-180. 13C-PCB-
180 was added as a surrogate standard at the point of extraction.
13C-PCB-180 recoveries ranged from 46 to 85% with a mean of 66%
(RSD, 16%). This value was in the range of that recently reported by
Riddell et al. after analyzing newly synthesized labelled carbazole
standards (experimental calculated 13C-BCCZ recovery, 52%). The
instrumental limit of detection (LOD) and quantiﬁcation (LOQ) of
Fig. 3. Contribution (ng/g dw, %) of BCCZ as compared to different families of persis-
tent organic pollutants (POPs) in the investigated sediments.
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correction).
2.3. AhR potency study
2.3.1. Cell lines, antibodies, and reagents
CYP1A1, AHR, andGAPDHantibodieswere purchased fromSanta
Cruz Biotechnology (Santa Cruz, CA). MDA-MB-468 human breast
cancer cell lines (American Type Culture Collection, Manassas, VA)
were maintained in Dulbecco's modiﬁed Eagle's medium (DMEM)
nutrient mixture supplemented with 0.22% sodium bicarbonate,
0.011% sodium pyruvate, 10% fetal bovine serum (FBS), and 10 ml/L
100X antibiotic/antimycotic solution (Sigma-Aldrich). Cells were
maintained at 37 C in the presence of 5% CO2, and the solvent
(dimethyl sulfoxide, DMSO) used in the experiments was 0.1%.
2.3.2. Quantitative real-time PCR
Complementary DNA (cDNA) was prepared from the total RNA
of cells using a High Capacity RNA-to-cDNA Kit (Applied Bio-
systems, Foster City, CA). PCRs were carried out in triplicate using
SYBR Green Mastermix (Applied Biosystems) for 15 min at 95 C for
initial denaturing, followed by 40 cycles of 95 C for 15 s and 60 C
for 1 min in the Bio-Rad iCycler (MyiQ™2) real-time PCR System.
The comparative CT method was used for relative quantitation of
samples and values for each gene were normalized to expression
levels of TATA-binding protein (TBP). The real-time PCR primer
sequences usedwere: CYP1A1 sense 50- GAC CAC AAC CAC CAAGAA
C-30, antisense 50- AGC GAA GAA TAG GGA TGA AG-30; CYP1B1
sense 50- ACC TGA TCC AAT TCT GCC TG-30, antisense 50- TAT CAC
TGA CAT CTT CGG CG-30; and TBP sense 50-TGC ACA GGA GCC AAG
AGT GAA-30, antisense 50-CAC ATC ACA GCT CCC CAC CA-30.
2.3.3. Western blot analysis
Cells (3  105) were plated in 6-well plates in DMEM media
containing 10% FBS for 16 h. Media were changed with fresh DMEM
containing 2.5% FBS and then treated with different concentrations
of the compounds. Cellular lysates were prepared in a lysis buffer
containing 50 mM Tris-HCl (pH 7.5), 2 mM ethylenediaminetetra-
acetic acid, 150 mM NaCl, 0.5% deoxycholate, 0.1% sodium dode-
cylsulfate (SDS), 1 mM NaF, 1 mM Na3VO4, 1 mM phenyl methyl
sulfonyl ﬂuoride, 10 mL/ml Protease inhibitor cocktail (GenDEPOT,
Barker, TX) and 1% NP-40. The cells were disrupted and extracted at
4 C for 30 min. After centrifugation, the supernatant was obtained
as the cell lysate. Protein concentrations were measured using the
Bio-Rad protein assay. Aliquots of cellular proteins were electro-
phoresed on 10% SDSepolyacrylamide gel electrophoresis (PAGE)
and transferred to a PVDF membrane (Bio-Rad, Hercules, CA). The
membrane was allowed to react with a speciﬁc antibody, and
detection of speciﬁc proteins was carried out by enhancedchemiluminescence. Loading differences were normalized using a
polyclonal GAPDH antibody.
2.3.4. Statistics
All of the experiments were repeated aminimum of three times.
The data are expressed as the means ± SE for CYP1A1 and CYP1B1
induction. Statistical signiﬁcance was determined using a Student's
t-test. The results are expressed as means with error bars repre-
senting 95% conﬁdence intervals for three experiments for each
group unless otherwise indicated, and a P value of less than 0.05
was considered statistically signiﬁcant. A Probit analysis was con-
ducted to determine half maximum effective concentrations (EC50)
values with 95% conﬁdence intervals for CYP1A1 induction for
TCDD and BCCZ, and these values were used in the calculation of a
relative potency for BCCZ.
3. Results and discussion
3.1. Concentrations and distribution of BCCZ in sediments
The novel BCCZ compound was resolved by GC  GC (see
Appendix A.1.), detected and quantiﬁed in 24 of the sediment
samples analyzed in this study (Fig. 2; Table 1). Concentrations
ranged from 0.19 to 4.7 ng/g dry weight (dw, mean, 0.94 ng/g;
median, 0.60 ng/g) (Table 1). Stream sites where BCCZ was detected
were predominantly located in the southwestern Ontario between
Toronto and Windsor, north of Lake Erie, and a few sites in eastern
Ontario (Fig. 2). BCCZ was not detected in any of the surﬁcial sed-
iments from nearshore Lake Ontario. This included samples from
Hamilton Harbour, Toronto Harbour, and near the mouth of the
Niagara River.
BCCZ was uniquely reported at one site in a recent paper
focussed on the analytical sample preparation of halogenated car-
bazoles [17]. Up to 11 different halogenated carbazoles were
detected in the freshwater surface sediments included in that
study, with concentrations reaching up to 40.2 ng/g dw for 3,6-
dichlorocarbazole. The concentration reported in that study for
BCCZ, 0.26 ng/g dw, was in the low range of the levels found in the
present work. 1,3,6,8-tetrabromocarbazole, a purely brominated
carbazole, was found by Zhu and Hites (2004) in sediment cores
from Lake Michigan, USA [24]. However, it was not detected in the
most recent slices (<0.1 ng/g dw from the 1990s) with concentra-
tions peaking (35 and 54 ng/g dw) in slices attributed to the 1920s
and 1930s. More recently Guo et al. (2014) found similar concen-
trations to those reported by Zhu and Hites (2004) for 1,3,6,8-
tetrabromocarbazole in other cores from Lake Michigan. Howev-
er, they also found several other halogenated carbazoles with
estimated concentrations in the 1e40 ng/g dw range in recent slices
[16]. Kuehl et al. (1984) found 1,3,6,8-tetrachlorocarbazole at con-
centrations of 22 and 25 ng/g dw in river sediments contaminated
with waste from a dye production facility [23].
To place the concentrations of BCCZ detected in this study into
a wider environmental context, we compared the measured
concentrations with concentrations of some structurally similar
families of POPs measured in the same samples. Speciﬁcally,
PCBs28,52,101,118,153,138,180, aswell as2,3,7,8-TCDD,
OCDD, 2,3,4,7,8-PeCDF, and PBDEs-47, 99, and 209 were investi-
gated (Table 1). In general, the BCCZ compound was present at con-
centrations in the same range as S7-PCB, S3-PCDD/F, and S 3-PBDE
congeners. However, at seven of the sites (1, 5,10,13,14, 20, 24) BCCZ
was the dominant compound (Fig. 3). Percent concentration (ng/g
dw) contributions of the single BCCZ congener relative to the sum of
monitored POPs ranged from<1% to 85% (average 37%; median 35%).
The distribution of BCCZ concentrations in the analyzed sedi-
ment samples, as well as their geographical locations, did not
Fig. 4. Induction of CYP1A1 mRNA by (A) TCDD and BCCZ - MDA-MB-468 cells were
treated with TCCD and BCCZ for 24 h and Cyp1A1 and Cyp1B1 mRNA levels relative to
TBP mRNA was determined by real time PCR- and (B) MDA-MB-468 cells were treated
with TCCD and BCCZ for 24 h and whole cell lysates were analyzed by Western blot as
detailed in the sample preparation section.
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detected tended to be more rural/agricultural areas, rather than in
built-up urban areas (Fig. 2). The absence of BCCZ in urban areas, as
well as in sediment from LakeOntario in HamiltonHarbour, Toronto
Harbour, and at the mouth of the Niagara River (each of which are
known to be inﬂuenced by urban run-off and current commercial/
industrial activities) suggests there may be a limited number of
current commercial sources of this compound. It is also worthwhile
mentioning that surface sediments were analyzed in the present
study. Zhu et al. previously published characteristic proﬁle ten-
dencies in deeper cores which could help for elucidation of indus-
trial activities in the area [24]. To explore possible associations with
occurrence of known POPs, a Spearman rank correlation analysis
was performed with BCCZ and S7PCB, S3PCDD/F, and S3PBDE, rep-
resenting a range of current use and legacy pollutants. Results (see
Appendix A.2.) were inconclusive (p > 0.05), with poor correlations
between BCCZ and each of the analyzed compound classes. This is
perhaps not surprising given that for most sites, concentrations of
PCBs, PCDD/Fs, and PBDEs were low and approaching detection
limits due to the major rural nature of the sampling areas.
Other possible sources of BCCZ and halogenated carbazoles in
general may include natural synthesis by blue-green algae, cya-
nobacteria, or mammals (bovine urine) [25]. Our detection of BCCZ
predominantly in sediments frommore rural locations is consistent
with the observations of chlorinated carbazoles in soils from Ger-
many which were postulated to be generated in situ [19,21] andresulting from enzymatic synthesis [34]. However in the present
case, a similar provenance may be unlikely in view of the fact that
the sediments were collected from a number of terrestrial streams
in which the bromide ion concentrations are likely to be very low
and only one of several possible positional isomers was detected
[35]. It is also possible that BCCZ may result from an impurity in
indigo dyes [26], and past inputs in the vicinity of textile industries
and dye production could act as sources at least for some haloge-
nated carbazoles [23,36]. Atmospheric sources cannot be excluded
as sources either, given the evidence that tribromoaniline has been
shown to produce tetrabromocarbazoles during combustion [27].
It is also worth stating that the extracts re-analyzed for the pur-
pose of this study had been prepared according to a typical sample
preparation protocol for the selective determination of PCDD/Fs and
PCBs, which presumably resulted in the unique detection of carba-
zole congeners with a speciﬁc halogen substitution pattern (the
1,3,6,8 positions) as recently concluded by Riddell et al. [29]. As
demonstrated by Riddell et al. and conﬁrmed by our working group,
other substitution patterns are less likely to survive sample clean up
procedures, particularly if acid treatment is included. Consequently,
it is possible that other carbazoles are present in the samples and are
not captured/detected in this study because of the sample treatment
selected at the time of the analysis but that may contribute to the
overall signiﬁcance of the halogenated carbazole compound class.
3.2. AhR potency for BCCZ
The potential of BCCZ to exhibit dioxin-like toxicity was
assessed for AhR-activity by determining induction of CYP1A1
mRNA and proteins in MDA-MB-468 breast cancer cells (Fig. 4A and
B, respectively). BCCZ was observed to induce both CYP1A1 mRNA
and proteins, and induction of the former responsewas observed at
concentrations as low as 1 nM (Cyp1A1 was signiﬁcantly -p<0.05-
induced at all concentrations -n> 5-folds induction-; inductionwas
indicated as “ * ”, see Fig. 4A). TCDD, the positive control, induced
CYP1A1 mRNA levels to concentrations as low as 1 pM. This
response is highly diagnostic for dioxin-like compounds/Ah re-
ceptor agonists. TCDD also decreased expression of the Ah receptor
(AHR) whereas BCCZ had minimal effects, and only at the 10 mM
concentration. In a separate experiment, induction of BCCZ was
evaluated even at a higher concentration (up to 10 mM), and
showed to induce both CYP1A1 and CYP1B1 mRNA levels
(Appendix A.3). The Probit analysis of the individual CYP1A1 mRNA
induction responses of TCDD and BCCZ (from Fig. 3A) yielded
calculated EC50 values of 59 pM (20e173, 95% conﬁdence interval,
CI) for TCDD, while that of BCCZ was calculated to be 36120 pM
(27150e48070, 95% CI). These values result in a calculated relative
potency of 0.0016 for BCCZ (REPBCCZ; 0.0007e0.0036, 95% CI) when
compared to a nominal value of 1.0 for TCDD, indicating that BCCZ
is a dioxin-like compound with a toxic potency approximately 600-
fold less than TCDD based on the tests conducted in this study. The
presented toxicological results were in concordance of those pub-
lished by Riddell et al. but also demonstrate an experimental
variability at reproducing biological tests (REPBCCZ, 1.4*105 based
on EC30) [29]. Previous toxic potential evaluations of 3-chloro- and
3,6-dichlorocarbazole using HII4E rat liver cell assays indicated REP
values ranging from 1.9 1010 to 9.5 108 [19,28]. In comparison
with other dioxin and dioxin-like compounds, the REPBCCZ deter-
mined in this study was approximately 10-fold higher than toxic
equivalent factor (TEFs) for the octaCDD, octaCDF and PCB-77 and
PCB-81, and 10- to 100-fold less toxic than other less chlorinated
substituted-PCDD/Fs and PCBs [37]. Riddell et al. also demonstrated
in a parallel experiment that REPBCCZ was among the most toxic
halogenated carbazoles, similar to that of the tetrachloro- and
tetrabromo-substituted carbazoles [29].
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The derivation of REPs allows for an estimation of the toxic
potential of BCCZ in the environment and it also allows for a more
rigorous comparison of the potential toxicity of BCCZ to other
compounds and guideline values. Thus, an estimation of whether
BCCZ could pose a hazard to organisms in the environment can be
generated and an assessment of the risk to those organisms can be
performed. Multiplying the measured BCCZ sediment concentra-
tion by the REPBCCZ (0.0016) provides an estimate of the toxic
equivalent (TEQ) from BCCZ in each of the samples. The TEQBCCZ
ranged from 3.1  104 to 7.5  103 ng TEQ/g in sediments in
which BCCZ was detected (Table 1).
A comparison between the TEQBCCZ and TEQ from other planar
halogenated compounds (e.g. TEQPCDD/F and TEQDL-PCB) could not be
undertaken since most of the samples analyzed in this study were
subjected to a screening analysis that only included a limited set of
indicator compounds (e.g. 7 PCB congeners, 3 PCDD/F congeners)
rather than the full suite of 17 PCDD/F congeners with 2,3,7,8
substitution and the 12 dioxin-like (DL) PCB congeners. However, to
give an indication of the relevance of BCCZ as a CoEEC, the TEQBCCZ
was compared to Canadian Sediment Quality Guidelines for PCDD/F
TEQs [38] for the Protection of Aquatic Life. Two effects levels have
been established by the Canadian Council of Ministers of the
Environment (CCME) for PCDD/F TEQ in freshwater sediments: a
threshold effect level, the interim sediment quality guideline
(ISQG) set at 8.5  104 ng TEQ/g dw, and a probable effect level
(PEL), set at 2.15  10-2 ng TEQ/g dw. Of the 24 samples containing
BCCZ, 13 had TEQBCCZ that fall above the ISQG value; however, none
of them reached the PEL limit. A more detailed risk assessment
would require that the degree to which BCCZ is bioavailable from
sediments and bioaccumulates in biota could be determined [37].
However, the exceedance of the PCDD/F ISQG TEQ in 13 of the
samples suggests there is sufﬁcient reason to further investigate
BCCZ and other halogenated carbazoles in the environment.
4. Conclusions
Preliminary results presented in this study demonstrate theAppendix A.1. GC  GCeToF MS chromatogram of a selected sedimsigniﬁcance of environmental levels of BCCZ detected in freshwater
sediments and its correlation with the experimentally calculated
toxic activity in order to assess a hazard potency for this emerging
and prevalent mixed halogenated carbazole. The comparison of
experimental TEQBCCZ and its comparison with ofﬁcial regulations
for dioxin-like compounds reveal the potential of BCCZ to be
considered of environmental concern and to be included in up-
coming pollutant regulations.
Authors also highlight the need of further research to rate the
occurrence of halogenated carbazoles in the environment and
further evaluate their bioavailability, and potential to bio-
accumulate. Efforts should focus on enhancing current analytical
methods to ensure that halogenated carbazoles are included in
screening studies to better understand their environmental fate
and signiﬁcance. Experiments to, ﬁrst, characterize this family of
compounds in terms of physic-chemical properties could greatly
help for deﬁning the best analytical strategies for targeting
emerging halogenated carbazoles in different environmental
matrices.
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A. Appendixent with the novel BCCZ resolved from an octa-PCB congener.
Appendix A.2 e Summary of correlation between BCCZ and PCB, PCDD/F, and PBDE
concentrations using Spearman rank order correlation coefﬁcient (rs).




Appendix A.3. Induction of CYP1A1 mRNA (A) and CYP1B1 (B) by TCDD and BCCZ.
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